and scapular muscle compensated to avoid the increase in internal rotation of the scapula caused respectively. Scapular kinematics and electromyography (EMG) measurements were collected 114 during the muscle endurance test. The participants underwent the fatigue task for 25 minutes. 115 Muscle strength and endurance, scapular movement, and muscle activity were measured again 116 after the fatigue task. Fatigue task 119 The fatigue task consisted of electric muscle stimulation of the serratus anterior muscle using 120 musculoskeletal electric stimulator (EU-910, Ito Co. Ltd., Tokyo, Japan) to induce selective 121 muscle fatigue. Participants sat on a stool and skin was shaved and cleaned to reduce the skin 122 resistance. Bipolar electrodes (2 cm × 2 cm) were attached to the skin over the lower parts of 123 the serratus anterior with tape at level of the sixth rib on the midaxillary line along the leading 124 edge of the latissimus dorsi muscle. The motor point of the lower parts of the serratus anterior 125 muscle was interposed between these electrodes to activate this muscle as much as possible. A 126 high-voltage pulsed current with a 50-μs pulse width and 100-Hz frequency was used in this 127 study. During the initial 5 minutes of muscle stimulation, the intensity was gradually increased 128 to the maximum level that each subject could tolerate and then sustained for the following 20 129 minutes. The average voltage intensity was about 30 V. Fatigue induced by electrical muscle 130 stimulation was applied in previous studies and acute loss of muscle strength after electrical 131 muscle stimulation was reported. 6, 35, 38 Fatigue indicates the condition of muscle fatigue induced 132 Scapular kinematics and serratus anterior fatigue 11 by electrical muscle stimulation using a musculoskeletal electric stimulator. Olstykke, Denmark) were placed over the anterior and middle deltoid, upper and lower 164 trapezius, infraspinatus in the fatigued limb, and serratus anterior in the both limbs with a fixed 165 2.5-cm spacing parallel to the muscle fiber. According to previous studies, the electrode 166 locations for the anterior and middle deltoid were defined as 4 cm below the distal clavicle 23 167 and the halfway point between the acromion of the scapula and the deltoid tuberosity of the 168 humerus, 9 respectively; those for the upper and lower trapezius were defined as the halfway 169 point between the spinous process of the seventh cervical vertebra and the acromion of the scapula 23 and the halfway point between the spinous process of the seventh thoracic vertebra 171 and the trigonum scapula, 9 respectively; that for the infraspinatus was defined as the halfway 172 point between the inferior angle of the scapula and the middle point between the acromion and 173 the trigonum scapula; 18 and that for the serratus anterior was defined as the halfway point 174 between the leading edge of the latissimus dorsi and the trailing edge of the pectoralis major on 175 the seventh rib 15 (Figure 2 ).
176
The raw EMG signal during the muscle endurance test was recorded and analyzed for 
Scapular movement
Three-dimensional motion of the scapula and the humerus was measured during the muscle 190 endurance test using a 6-df electromagnetic tracking device (Liberty, Polhemus, Colchester, VT, 191 USA) at 120 Hz in the fatigued limb. This system consists of a transmitter, five sensors, and a The MDPF values of all muscles except the serratus anterior were compared between the pre- 
Results

243
Muscle strength and endurance 244 The muscle strength and endurance results are shown in Table 1 . For muscle strength, two-way 245 ANOVA showed no significant interaction or main effects. For muscle endurance, two-way 246 ANOVA showed a significant interaction between time and limb and a significant main effect 247 of time. A post hoc test indicated that the muscle endurance significantly decreased in the 248 fatigued limb after the fatigue task (P < .001).
250
Muscle activity 251 The muscle activity and degree of change in all muscles during the muscle endurance test are 252 shown in Figure 4 . For muscle activity, two-way ANOVA showed significant main effects of 253 time in the SA, UT, and ISP, while the muscle activity significantly increased after the fatigue 254 task. For amount of change in muscle activity, two-way ANOVA showed a significant main 255 effect of muscle (F = 7.00, P < .001). The post hoc test indicated that the amount of change in 256 the muscle activity of the upper trapezius was significantly greater than that of the other muscles 257 (P < .001 in all tests).
258
The MDPF values of the bilateral serratus anterior muscles and the other muscles are 259 shown in Tables 1 and 2, respectively. For the MDPF of the serratus anterior, ANOVA showed 260 a significant interaction, and then Wilcoxon signed rank test indicated a significantly decreased 261 Scapular kinematics and serratus anterior fatigue 18 MDPF in the fatigued limb after the fatigue task (P < .001). The paired t-test indicated that the 262 MDPF of the upper trapezius significantly increased only in the fatigue task. Scapular movement before versus after the fatigue task is shown in Figure 5 . Two-way ANOVA 266 showed no significant interaction and main effects in upward/downward rotation and 267 posterior/anterior tilt. For internal/external roation, there was no significant interaction (F = 268 0.008, P = .99); there was no significant main effect of seconds (F = 0.68, P = .64) but a 269 significant effect of time (F = 5.87, P = .02). The post hoc test indicated that the external rotation 270 after the fatigue task was significantly greater than that before it at all seconds (P = .02). activities were increased and the external rotation of the scapula was altered after the fatigue 281 task. To our knowledge, this is the first study to demonstrate the changes in muscle endurance, 282 scapular kinematics, and muscle activity following selective fatigue of the serratus anterior 283 muscle.
284
In this study, the serratus anterior muscle was fatigued using electrical stimulation and 285 muscle fatigue was confirmed electromyographically via measurement of MDPF. A previous 286 study indicated that the decline in MDPF was a sign of the physiological change in the muscle 287 due to fatigue such as the slowing of muscle fiber conduction velocity, synchronization of motor 288 units, and/or decreased firing frequency. 40 Here we stimulated the serratus anterior muscle using 289 a musculoskeletal electric stimulator, so the fatigue of the selective serratus anterior muscle 290 could have been caused by the electric muscle stimulation because the decreased MDPF of the 291 Scapular kinematics and serratus anterior fatigue 20 serratus anterior only occurred in the fatigued limb after the fatigue task.
292
Theoretically, muscle flexion strength of the serratus anterior muscle at the flexed 293 shoulder position decreases after the fatigue because the serratus anterior muscle contributes to 294 the upward rotation of the scapula during arm elevation 28 and is maximally activated at shoulder 295 flexion of 90-130°, 1 which is similar to the position used to measure the muscle strength of 296 shoulder flexion in this study. However, muscle strength did not change after the fatigue task in 297 this study. The serratus anterior does not flex the glenohumeral joint; rather, it stabilizes the 298 scapula in the scapulothoracic joint due to its origin and insertion from the first to eighth or 299 ninth ribs to the medial border of the scapula. Since the upper and lower trapezius muscles also 300 stabilize the scapula, they may have compensated for the serratus anterior muscle's inability to 301 stabilize the scapula; resulting no change in muscle strength was seen.
302
The present study showed that endurance decreased after serratus anterior muscle 303 fatigue and that the upper trapezius, serratus anterior, and infraspinatus muscles were activated 304 at the flexed shoulder position, which is inconsistent with our hypothesis. For the upper 305 trapezius muscle, Ludewig and Cook 27 reported an increase in the muscle activity of the upper 306 trapezius and a decrease in that of the serratus anterior muscle in the patient with shoulder 307 impingement syndrome. Considering this report, it is possible that the upper trapezius muscles 308 were activated to compensate for the functional impairment of the serratus anterior. For the 309 serratus anterior muscle, greater muscle activity after the fatigue task is characteristic of muscle fatigue, the regulation of motor unit recruitment and rate coding patterns. 34 The increased 311 activity of the serratus anterior muscle after the fatigue task in this study is in accordance with 312 this phenomenon. It is unknown how the mechanism to activate the infraspinatus muscle occurs 313 after serratus anterior fatigue. Further research to investigate the interaction between muscles 314 after fatigue is needed.
315
The external rotation of the scapula during the muscle endurance test significantly 316 increased after the fatigue task due to the change in the activities of the upper trapezius, serratus 317 anterior, and infraspinatus muscles. In addition, the amount of change in the upper trapezius 318 muscle activity was significantly greater than those of the other muscles. Moreover, the MDPF 319 of the upper trapezius muscle increased significantly after the fatigue task. The upper trapezius 320 retracts and upwardly rotates the scapula 13 , and the retraction corresponds to external rotation 321 of the scapula in this study. Given the contribution of the upper trapezius muscle to the scapular 322 movement, the increase in scapular external rotation that occurred in this study was a result of 323 compensation of the upper trapezius for the functional impairment of the serratus anterior, 324 causing so-called scapular winging. 42 Scapular winging, in which the scapula rotates downward 325 at rest and its inferior border becomes more prominent, corresponds to the scapular internal 326 rotation in this study. Contrary to our hypothesis, no significant difference in upward scapular 327 rotation angle was seen before versus after the fatigue task, which may be a result of The present study showed no changes in muscle strength but decreased muscle endurance after 362 selective fatigue of the serratus anterior. Increased muscle activities of the upper trapezius, 363 infraspinatus, and serratus anterior and external rotation of scapula were noted after the fatigue 364 task at the flexed shoulder position. These findings suggest that the compensatory motion to 365 avoid the internal scapular rotation occurred due to the increased shoulder muscle activity after 366 the fatigue task. and humerus. In the local coordinate system of the scapula, the Sx axis was perpendicular to 512 the plane defined by the TS, AA, and AI; Sy-axis was defined as the cross product of the Sx-513 axis and Sz-axis; and Sz-axis was directed from the TS to the AA. In the local coordinate system 514 of the humerus, the Hx-axis was perpendicular to the plane defined by the GH, LH, and MH. Pre, the value of pre-fatigue task; Post, the value of post fatigue task. The asterisk represents 523 the significant main effect and indicated that the value of Post is significantly greater than that 524 of Pre. The dagger represents the significant main effect and indicates that the changes in UT 525 was significantly greater than that of other muscles. respectively. The asterisk indicates the significant main effect of the period and that the external 531 rotation after the fatigue task was significantly greater than that before it. Table 2 . MDPF of all muscles but the serratus anterior before versus after the fatigue task. infraspinatus; Pre, the value of pre fatigue task; Post, the value of post fatigue task. 562 563 564
